The effects of perfluorooctane sulfonate (PFOS) on Chinese cabbage (Brassica rapa pekinensis) germination and development  by De-Yong, Zhang et al.
Procedia Engineering 18 (2011) 206 – 213
1877-7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.11.033
Available online at www.sciencedirect.com
 
Available online at www.sciencedirect.com
 
Procedia
Engineering  
          Procedia Engineering  00 (2011) 000–000 
www.elsevier.com/locate/procedia 
 
The Second SREE Conference on Chemical Engineering 
The effects of perfluorooctane sulfonate (PFOS) on Chinese 
cabbage (Brassica rapa pekinensis) germination and 
development 
Zhang De-Yonga, Shen Xiu-Yingb, Xu Xiao-Lua,a* 
aCollege of Biology and Environmental Engineering, Zhejiang Shuren University, Hangzhou, 310015, China 
bCollege of Biology and Chemical Engineering, Zhejiang University of Science and Technology, Hangzhou, 310012, China 
 
Abstract 
Seeds of Chinese cabbage (Brassica rapa pekinensis) were treated with serial concentrations of perfluorooctane 
sulfonate (PFOS) for observation of germination and development. Germination rate, growth process and various 
physiological indicators of the seedlings were analyzed. Inhibition of germinability rate (by 10.0 percentages), 
germination rate (by 8.3 percentages), and growth (by seedling falling or death) by 85 mg/L PFOS were observed. 
Chlorophyll content, dissolvable protein content, catalase activity, peroxidase activity and superoxide dismutase 
activity in the leaves were inhibited by PFOS dose ≥ 51 mg/L (P<0.05). PFOS also resulted in an increasing of free 
proline content in the leaves of seedlings (P<0.05). 
 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for 
Resources, Environment and Engineering 
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1. Introduction 
In the past half-century, perfluorooctane sulfonate (PFOS) was widely used as surface protectors in 
carpets, leather, paper, packaging, fabrics, upholstery and as surfactants in aqueous film-forming foams 
(AFFF), acid mist suppressants, alkaline cleaners, floor polishes, photographic film, denture cleaners, 
shampoos, etc[1-3]. But in the late 1990s, it was discovered that PFOS was a persistent environmental 
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contaminant with unnegligible ecological risk. Because of its strong carbonfluorine bond, PFOS was 
resistant to hydrolysis, photolysis, microbial degradation, and metabolism by vertebrates[3]. In the main 
water systems in North America, PFOS concentration varied from several to dozens of ng/L was reported. 
For an example, a concentration of 68 ng/L was detected in the waste water discharged from a sewage 
plant near New York City[4]. In Europe, based on a statistical model, it was estimated that about 20 tons of 
PFOS was discharged totally via the main European water system each year[5]. European Union (EU) 
passed a resolution to prohibit managing material containing PFOS over 0.005% or products over 0.1% in 
2006[6]. Although more using and discharging of PFOS were under control, it was difficult to eliminate 
the existing contaminants in the environment on the other hand. The ecological risk concern of 
environmental PFOS was still one of the current research hotspots. 
In addition to in water and silt, PFOS was also found in various organisms, such as plankton, fish, birds, 
marine mammals, and human[7-9]. PFOS was confirmed to be toxic to laboratory animals by lots of 
research, and the mechanism might involve various animal tissue systems[2,8,10]. Like animals, plants were 
also inevitably exposed to the widespread environmental PFOS. It was confirmed that high concentration 
of PFOS could affect the 5-day root elongation sensitivity in such plants as lettuce (Lactuca sativa), 
pakchoi (Brassica rapa chinensis) and cucumber (Cucumis sativus) [11]. While other effects of PFOS on 
plant development were poorly known currently. Seed germination and seedling development were 
appropriate candidate stages for observation of the interaction between plants and the environmental 
factors[12,13]. Chinese cabbage, whose seedlings grew fast and were relatively sensitive to environmental 
condition, was an important vegetable widely planted for food in China. In this study, seeds of Chinese 
cabbage were treated with PFOS and the seed germination, growth progress and various physiological 
indicators of the seedlings were analyzed. 
2. Materials and Methods 
2.1. Chemicals and test organism 
PFOS (hepadecafluoroocatanesulfonic acid potassium salt; analytically purity) was obtained from 
AccuStandard Company (Connecticut, USA). The stock solution of testing chemicals was prepared using 
polymethyl pentene containers to avoid absorption of PFOS onto glass surface. Seeds of Chinese cabbage 
(Precocity 8) were bought from Zhejiang Academy of Agricultural Sciences (Zhejiang Province, China). 
2.2. Seed germination and seedling culture 
Seeds of Chinese cabbage were dipped in 0.3% H2O2 for 15 min (for sterilization) and then soaked for 
6 hrs in distilled water. The seeds were cultured in culture boxes with 50 cm2 superficial area. 
Germinability (%) was defined as the germination rate at day 3 and germination (%) was defined as that at 
day 7[14]. In the experiment, the seeds were soaked in media containing various concentrations (0, 17, 34, 
51, 68, 85 mg/L) of PFOS for culture. The media ingredient was (NH4)2SO4 237, MgSO4·7H2O 537, 
K2SO4 250, KH2PO4 350, EDTA-Fe 25 and Ca(NO3)2·4H2O 1260 mg/L. Each group consisted of 150 
seeds (50 seeds × 3 boxes). The culture condition in the Artificial Climate Box（Ningbo Haishu Safe 
Experimental Equipments Company) was 25 (±1) ℃, 85 (±5) % relative humidity, 2000 Lux light, and 
“light/14h - darkness/10h” circle. The culture continued for 15 days. Germination and growth process 
were observed and recorded every day. Finally, the leaves were sampled for analysis of various 
physiological indicators. 
2.3. The assimilation ability analysis of Chinese cabbage seedlings  
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Chlorophyll concentration in the leaves of the seedlings was analyzed to evaluate the assimilation 
ability of Chinese cabbage. Briefly, 0.2 g of fresh leaves was cut and grinded with some quartz sand, 
calcium carbonate and 2 mL ethanol for homogenization. Another 10 mL of ethanol was added during the 
grinding, and the grinding continued till the plant tissue turned pale. After 3~5min of setting, the liquid 
was filtered and diluted to 25 mL in volume using ethanol. The A665 and A649 value was then checked 
using spectrophotometer. The chlorophyll concentration in the leaves was calculated as follow[15]. 
Ccha = (13.95A665 - 6.88A649) × V / Wf                                                                                                                                                    (1) 
Cchb  = (24.96A649 - 7.32A665) × V / Wf                                                                                                                                                   (2) 
Cch  = (6.63A665 + 18.08A649) ×V / Wf                                                                                                                                                    (3) 
Note: Ccha: chlorophyll a concentration (mg/g); Cchb: chlorophyll b concentration (mg/g); Cch: total 
chlorophyll concentration (mg/g); A665: 665 nm light absorption value; A649: 649 nm light 
absorption value; V: volume of the extract (L); Wf: fresh weight of the leaves (g) 
2.4. The anti-oxidation ability analysis of Chinese cabbage seedlings 
Anti-oxidation ability of Chinese cabbage seedlings was evaluated by analyzing the catalase (CAT) 
activity, Peroxidase (POD) activity and superoxide dismutase (SOD) activity in the leaves. 
For CAT activity analysis, 0.5g of leaves was homogenated using some PBS (pH7.8). After a 
centrifugation (3600×g, 15min), the supernatant was transferred and diluted to 25mL in volume. Then 
2.5 mL enzyme and 2.5 mL H2O2 were added into conical flask for reaction at 30℃ for 10 min. Finally, 
2.5 mL 10％ H2SO4 was added for reaction termination. Three repeated experiment groups and one 
control group(enzyme inactivated before reaction) were performed. After reaction, H2O2 was titrated by 
0.02 mol/L of KMnO4. The enzyme activity was expressed as the H2O2 weight discomposed per minute in 
each gram of fresh leaves. The results were calculated as follow. 
Ac = [(A-B)×VT×1.7]/(Wf×V1×T)                                                                                                      (4) 
Note: Ac: CAT activity (mg/g·min); A: KMnO4 titration volume in control group (mL); B: KMnO4 
titration volume in reaction group (mL); VT: enzyme extract total volume (mL); V1: enzyme volume 
consumed in reaction (mL); Wf: samples fresh weight (g); T: reaction time(min) 
POD activity was determined by Guaiacol assay. Briefly, 0.5g of leaves was grinded for homogenate 
using PBS (pH7.8). After a centrifugation (3600×g, 15min) for supernatant collection, the sediments 
were extracted again using 5mL PBS. Both of the supernatant above was collected together and diluted to 
25mL in volume. Three mL of reaction reagent mixture was added with 1 mL enzyme extract (for test) or 
PBS (as blank control) and the A470 values were checked 5 minutes after reaction by spectrophotometer 
(Shimadzu UV-2401PC, SHIMADZU). Enzyme activity was expressed as the changing of light 
absorption value per minute according to the following formula[16]. 
Ap=(ΔA470×25)/( Wf×T)                                                                                                                    (5) 
Note: Ap: POD activity (u/g·min); ΔA470: 470 nm light absorption value difference between test 
tube and control tube; Wf: samples weight (g); T: reaction time(min) 
 For SOD activity detection, 1g of fresh leaves was grinded and homogenated using 3 mL of 0.05 
mol/L PBS (pH7.8) and diluted to 5 mL in volume finally. After a centrifugation at 10000 g for 30 min at 
4℃, the supernatant was collected as raw enzyme extract. SOD activity was then evaluated by Nitroblue 
tetrazolium (NBT) method. Briefly, reagents were added and enzymatic reaction was performed in light 
tubes for 15 min at 25℃ with 4500 Lux light intensity except the control tube which was placed in 
darkness. A560 values of the tubes were then analyzed for enzyme activity evaluation. The volume of the 
enzyme extract corresponding to 50% inhibition of the reaction was defined as enzyme unit[17]. 
As=[(D1-D2)×V×1000×60]/(D1×B×Wf×T×50%)                                                                             (6) 
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Note: A: SOD activity（U/g·h）; V: enzyme solution total volume（mL）; B: one unit enzyme 
volume (μL); D1: control tube A560 value; D2: test tube A560 value; Wf: samples fresh weight (g); T: 
reaction time (min)
2.5. The resistibility state analysis of Chinese cabbage seedlings 
Resistibility was referred to the metabolic reaction of plant against challenging environmental changes 
like drought, coldness or salinization. Generally, the quantity of certain molecules in plants would change 
obviously when they encountered such environmental changes. Malondialdehyde (MDA), free proline and 
dissolvable proteins in the leaves were analyzed here to evaluate the resistibility state of the plants.  
For malonaldehyde (MDA) content analysis, 0.5 g leaves were homogenated with 0.05 mol/L cold PBS 
(pH7.8) and diluted to 10 mL in volume. After a centrifugation (3600×g, 10 min), the supernatant was 
collected as MDA extract. 2 mL MDA extract and 3mL 0.5％ Thiobarbituric acid (TBA) - trichloroacetic 
acid solution were mixed, boiled for 10 min and cooled immediately. After a centrifugation (3600×g, 10 
min), the supernatant was collected for A532 and A600 analysis (Shimadzu UV-2401PC, SHIMADZU). 
Cm = [(A532-A600) ×V1×V]/(1.55×10-1×Wf×V2)                                                                                 (7) 
Cm: MDA concentration (μmol/g); A532: 532 nm light absorption value; A600: 600 nm light 
absorption value; V: volume of the extract; V1: reaction solution total volume; V2: the extract’s 
volume for reaction; Wf: leaves fresh weight 
Free proline content was checked by ordinary ninhydrin method. Specification curve was firstly 
established and samples were then analyzed using spectrometry. Briefly, 0.5 g of fresh leaves was 
scissored and lixiviated using 5 mL 3％ salicylsulfonic acid solution in boiled water. The supernatant of 2 
mL was collected and mixed with 2 mL glacial acetic acid and 3 mL 2.5﹪ acidic ninhydrin for 40 min of 
heating in boiled water. Toluene extraction was conducted and A520 value was checked for analysis 
(Shimadzu UV-2401PC, SHIMADZU). The free proline content was calculated as follow[18]. 
Cp = (C×Vt)/(V×Wf)                                                                                                                           (8) 
Cp: proline content (μg/g); C: proline quantity from specification curve (μg); Vt: total volume of the 
extract (mL); V: volume taken for checking (mL); Wf: samples fresh weight (g) 
For dissolvable protein, 0.2 g of fresh leaves was grinded and homogenated using 5 mL of distilled 
water. After a centrifugation (3600×g, 10 min), the supernatant was transferred and diluted to 10 mL in 
volume. Dissolvable protein was then qualified by Bradford method. Briefly, serial diluted bovine serum 
albumin (BSA) was added into 1 mL of Bradford reagents for reaction and subsequent spectrophotometric 
analysis. A specification curve was then established using the BSA quantity and the corresponding A595 
values. The samples for test were treated precisely by the same method for quantification based on the 
specification curve[19,20].  
2.6. Statistical analysis 
One-way ANOVA method was employed using the software SPSS (V11.5) to determine the statistical 
significance between the experiment groups. 
3. Results 
3.1. The Effects of PFOS on Chinese cabbage Germination and Growth 
Discrepant germinability and germination were observed in all of the experiment groups. As shown in 
table 1, PFOS contamination inhibited the germinability and germination percentage of Chinese cabbage 
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dose-dependently. The highest inhibition of germinability and germination percentage observed was 10.0 
and 8.3 percentages respectively. As to the growth process of seedlings, obvious poor growth and 
surviving was observed in groups contaminated with PFOS ≥ 51 mg/L(table 2). 
Table 1. The effects of PFOS on germinability and germination percentage 
PFOS contamination dose 
(mg/g) Germinability (%) Germination percentage (%) 
0 94.0 96.0 
17 95.3 95.3 
34 87.3 89.3 
51 85.3 88.7 
68 84.7 87.3 
85 84.0 86.7 
Table 2. The growth process for the experiment groups 
Date Growth process description 
1 All of the seeds broke, tended to germinate. 
2 Most of the seeds geminated and formed budlets 
3 
Young leaves formed in some seedlings. Poor growth was observed in some contaminated 
groups. Fallen and dead seedlings ( 3-5% in total )were observed in 68mg/L group and 85 
mg/L group. But no obvious abnormity occurred in 17mg/L group. 
4 More budlets formed in each group. 
5 More budlets formed in each group. The size of the leaves in group ≥ 51 mg/L was smaller than that in control group on the whole. More dead seedlings occurred in 85mg/L group. 
6 Most seedlings grew higher. 
7-8 Most seedlings formed their 3rd leaf. 
9 Plant grew higher and leaves got bigger in the groups below 34 mg/L. While more poor growth was observed in the groups over 51mg/L. 
10-11 Lower plant density and smaller leaf size in groups over 51 mg/L was observed compared with the groups below 34 mg/L. 
12-15 All of the seedlings grew higher. 
3.2. The Effects of PFOS on Assimilation Ability of Chinese cabbage Seedling 
Fig 1. The effects of PFOS on chlorophyll content in the leaves of the seedlings 
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As shown in figure 1, the PFOS dose of 0, 17, 34, 51, 68 and 85 mg/L resulted in total chlorophyll 
content of 0.69(±0.02), 0.64(±0.03), 0.57(±0.02), 0.50(±0.02), 0.45(±0.05) and 0.44(±0.01) mg/g 
respectively. The content of chlorophyll a and total chlorophyll in the treated groups were lower than that 
in control group. Statistical significance was observed between groups ≥ 51 mg/L and the negative control 
group (p<0.05). The inhibition of PFOS on chlorophyll content seemed to be dose-dependent. 
3.3. The Effects of PFOS on Anti-oxidation ability of Chinese cabbage Seedling 
Fig 2. (a) The effects of PFOS on CAT activity; (b) The effects of PFOS on POD activity; (c) The effects of PFOS on SOD activity 
The PFOS dose of 0, 17, 34, 51, 68 and 85 mg/L resulted in CAT activity (±SD) of 12.79(±0.72), 
13.70(±0.34), 12.83(±0.82), 9.82(±0.42), 7.80(±0.48) and 7.00(±0.37) mg/g·min respectively. PFOS 
≥ 51 mg/L inhibited the CAT activity in Chinese cabbage leaves (p<0.05) (Fig 2-a). The serial PFOS dose 
resulted in POD activity (±SD) of 112.22(±3.05), 122.34(±3.12) , 109.85(±3.64), 85.08(±2.14), 
69.78(±4.74) and 60.31(±3.82) mg/g·min respectively. While, inhibition with statistical significance 
(p<0.05) was observed only in groups ≥ 51 mg/L too (Fig 2-b). The serial PFOS dose resulted in SOD 
activity of 432.04(±11.09 ), 346.73(±14.34 ), 309.85(±18.17 ), 276.34(±13.59 ), 252.95(±14.27 ) and 
219.14(±13.86) U/g·h respectively. PFOS ≥ 51 mg/L showed inhibition of the SOD activity in Chinese 
cabbage leaves too (p<0.05) (Fig 2-c). 
3.4. The Effects of PFOS on Resistibility state of Chinese cabbage 
Fig 3. (a) The effects of PFOS on MDA content; (b) The effects of PFOS on free proline content; (c) The effects of PFOS on 
dissolvable protein content 
As shown in figure 3, the PFOS dose of 0, 17, 34, 51, 68 and 85 mg/L resulted in MDA content (±SD) 
of 0.46(±0.03), 0.33(±0.05), 0.42(±0.02), 0.56(±0.05), 0.59(±0.01) and 0.63(±0.05) μmol/kg 
respectively(Fig 3-a). The mean values of MDA content in PFOS treated groups seemed to be higher than 
that in control group, but no statistical significance was confirmed. The serial PFOS dose resulted in free 
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proline content (±SD) of 111.66(±6.30), 206.36(±10.23), 166.90(±7.27), 187.65(±11.08) and 
247.84(±11.67) μg /g respectively (Fig 3-b). PFOS ≥ 34 mg/L increased the free proline content 
(p<0.05). The serial PFOS dose resulted in dissolvable protein content (±SD) of 1.49(±0.07), 1.73(±
0.09), 1.71(±0.02), 1.28(±0.08), 1.24(±0.04) and 1.14(±0.10) μg/g respectively (Fig 3-c). Although 
different mean values between groups were got, no statistical significance was confirmed. 
4. Discussion 
Extensive PFOS contamination was found in water, soil and various animals in America, Europe, Asia 
and other area[7-9]. PFOS was confirmed to be toxic to laboratory animals[2,10]. But the effects of PFOS 
contamination on plants were rarely discussed currently. In this study, the effects of PFOS on germination 
and development of plants were firstly discussed. The results indicated that PFOS might inhibit 
germination and caused seedling falling, seedling death, and various physiological changes of Chinese 
cabbage. The inhibition of germinability rate (by 10.0 percentages), germination rate (by 8.3 percentages), 
and growth (by some seedling falling or death) by 85 mg/L PFOS treating were observed. Chlorophyll 
content, dissolvable protein content, catalase activity and peroxidase were inhibited by 51 mg/L or higher 
concentration of PFOS (P<0.05). PFOS treating also resulted in an increasing of free proline content in 
the leaves of seedlings (P<0.05). But it was necessary to point out that the toxic dose of PFOS seemed to 
be much higher than the general environmental concentration.  
Rapid growth and development of plants needs efficient photosynthesis, the reduction of chlorophyll 
might indicate not only poor photosynthesis ability of leaves, but also awful health condition of the whole 
plant. It might indicate multi-organic aging of plants in adversity condition. CAT, POD and SOD were 
usually taken as one indicator for anti-oxidation evaluation. By clearing redundant active oxygen in cells, 
CAT could help maintaining oxygen metabolism balance and protecting cell membrane integrity. POD, a 
metalloprotein containing iron, was thought to be involved in anti-oxidation system of plant too. By 
eliminating H2O2, POD could protect the plant tissue from membrane lipid peroxidation[21]. SOD catalyses 
the disproportionation of O2- to H2O2 and O2, and plays a major role in the defense against superoxide-
derived oxidative stress in plant cells[22,23]. This study suggested that PFOS (≥ 51 mg/L) could inhibit the 
activity of CAT, POD and SOD in Chinese cabbage seedlings (p<0.05). The quantity of such molecules as 
MDA, free proline and dissolvable protein might reflect the resistibility of plants. Against adverse 
environmental changes, the quantity of MDA, free proline and dissolvable proteins in plants might 
increase to protect plants. MDA was an important organic molecule for efficient osmosis regulation and 
was main product of membrane lipid peroxidation. In adverse environment, such free radicals like O2- and 
OH- in plant cells usually increased, which resulted in membrane damage and membrane permeability. 
The MDA content in PFOS treated groups seemed to be higher than that in control group, but no 
statistical significance was observed. PFOS ≥ 34 mg/L increased the free proline content (p<0.05). 
High concentration of PFOS might be potential threat to plants, animals, humans and the ecosystem 
balance. While the mechanism how PFOS interact with biological molecules was rarely known currently, 
and more work needs to be done to learn the details. 
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